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Abstract. Inter-root movement and dispersion of the beneficid bacterium
Azospirillum brasilense were monitored in root systems of wheat seedlings
growing in the field and in growth chamber soil trays. Two strains were used,
a motile wild-type strain (Cd, mot”) and a motility deficient strain (mot),
which was derived from the Cd strain. Root colonization by two wild-type
strains (Cd and Sp-245) was studied in 64 plant species growing in pots in the
greenhouse. The two wild-type strains of A. brasilense were capable of
colonizing al tested plant species. In soil trays and in the fidd, mot™ cells
moved from inoculated roots to non-inoculated roots of either whesat plants or
weeds growing in the same field plot, but the mot- strain did not move toward
non-inoculated roots of either plant species. In the field, both mot™ and mot
strains of A. brasilense survived well in the rhizosphere of wheat for 30 days,
but only mot™ moved between different weeds, regardiess of the species,
botanical family, or whether they were annuas or perennials. In plant-free,
water-saturated soils, either in columns or in the field, both strains remained
at the inoculation site and did not move.

It is proposed () that A. brasilense is not a plant-specific bacterium and
that (b) colonization of the entire root system in soil is an active process
determined by bacterial moatility; it is not plant specific, but depends on the
presence of plants.

Introduction

Azospirillum has been used as a plant inoculant to improve plant growth and
productivity [13, 24]. Azospirillum cells can be found in the root system of several
plant species [17, 21, 25, 26, 28, 32, 36, 37, 41, 42]. When Azospirillum was tested
under controlled conditions, bacterial movement in soil probably depended on the
presence of plants[10]. In plant-free soil columns, bacteria were rapidly and
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strongly absorbed into the clay and organic fractions of the soil, thereby restricting
movement [11]. Root tips were shown to be efficient vectors for passive vertical
transfer of A. brasilense [12]. In the planted field, cdlls originating from soil surface
inoculation could be found as deep as 50 cm and as far as 30 cm from the origina
inoculation site [10, 14]. Thus, bacteria motility should be considered an important
element in Azospirillum technology [22, 43].

Invitro, Azospirillum cells are remarkably chemotactic [38, 44], aerotactic [2], and
redox-tactic [27]. Recently, it was shown that the colonization of soybean and whesat
roots aswell as the root-to-root motility of Azospirillumin agar and sand are active
processes that are influenced by attractants [7].

The aims of this study were to elucidate the possible plant host range of A.
brasilense and to explore further the inter-root motility previoudy demonstrated in
agar and sand under |aboratory conditions [7] by investigating this phenomenon with
different plant species in soils and under field conditions.

Materials and methods
Bacterial Strains, Growth Conditions, and Plant Inoculation

Two bacterial strains were used in the motility study: A. brasilense Cd (ATCC 29710; highly motile
strain, mot*) and a nonmotile spontaneous mutant (mot~) derived from the Tn5 mutant of strain Cd [7]
(Strain 29710-10b is described in detail elsewhere [15, 18].) The identical antigenic characteristics
of the mot” derivative allowed us to use antibodies raised against strain Cd (mot*) for its determination
by enzyme-linked immunosorbent assay (ELISA). The mot- mutant wasisolated by (a) evaluating
its inability to swarm on a solid medium surface [29] and (b) by light microscopy of nonmotile
bacteria obtained from the logarithmic phase of growth or from very young colonies (<24 h). The
chosen mutant was completely nonmotile during 16 h of continuous analysis by an image analysis
system. In root colonization studies, we used strains Cd and Sp-245 [1] and to alesser extent, strain
Cd mot". Bacterial strains were grown in Nutrient Broth (Difco USA).. Bacteria were inoculated onto
plants at a concentration of 10° colony-forming units (CFU) per milliliter as previously described
[5,8,9].

Plants

Wheat plants (Triticum aestivum) cv. "Deganit" were used as test species in most experiments and
prepared for inoculation as previously described [3, 51. Plant species and their respective families are
summarized in Table 1. Crop plant cultivars used in the colonization study were wheat (T. aestivum),
Deganit; pearl millet (Pennisetum americanum), Gahi 3; sorghum (Sorghum bicolor), Savanna 5; corn
(Zea Mays), Jobilli; tomato (Licopersicon esculentum), Naama; pepper (Capsicum annuum), Maor;
eggplant (Solanum melongena), Maka Shechora; cucumber (Cucumis sativa), Bet-alfa; melon Cu-
cumis melo), Hemed; canola (Brassica campestris), Westar; cotton (Gossypium barbadense), Pima S
5; carrot (Daucus carota L. var. sativa), Tip-top; sugar beet (Beta vulgaris), Monnac; soybean (Glycine
max), Pella; pea (Pisum sativum), Laxton Progress; bean (Phaseolus vulgaris), Dark red kidney.

Plant Growth Conditions and Field Experiment
Seeds were transferred to plastic growth trays containing soil (20 X 30 X 100 cm; [depth/width/length]

containing 20 plants each, 5 cm apart), and maintained under controlled conditions in a growth chamber
described previously [3, 5, 6]. Thetrayswereinoculated inasingle spot (theinoculated area size was
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Table 1. Root colonization of weeds and crop plants from the same botanical families by A. brasilense
strains Cd (mot*, mot™) and Sp-245,

CFU/g (d. wt) roots

Weed/crop plant Botanical family Cd F-245
Annuals (winter weeds)
Isatis aleppica scop. Brassicacese 3.2+0.7X 10° 46+0.4X10°
Snapsisarvensis L 5.1+0.8X 10° 7.2+06X 10°
Erucaria myagroides (L) Hal. 24+05X 10° 3.3+0.7X 10°
Brassica nigra (L) Koch. 47+09X 10° 6.6+ 0.4 X 10°
Notobasis syriaca (L) cass. Asteraceae 49+0.7X 10* 5.1+0.3X 10*
Scolymus maculatus L 3.8+0.1X 10* 4.7+0.8X 10*
Chrisanthemum segetum L 7.2+0.6 X 10* 1.4+0.4X 10°
Chrisanthemum coronarium L 9.1+0.6 X 10* 1.1+0.1X 10°
Anthemis pseudoctula Boiss. 2.9+ 05X 10* 3.2+0.7 X 10*
Anthemis melanolepis Boiss. 6.3+ 0.8 X 10* 6.7+ 0.5 X 10
Ormenis mixta (L) DC 55+ 0.1 X 10* 8.2+ 0.6 X 10*
Cichorium pumilum Jacq. 3.8+0.3X 10 5.6+ 0.5 X 10*
Carthamus tenuis (Boiss.) Bornm. 7.8+1.2X 10 2.2+0.8X 10°
Senecio vulgaris L 2.4+05X 10* 2.6+0.7 X 10*
Senecio vernalis L 2.8+0.7 X 10* 3.1+0.7 X 10*
Ammi visnaga (L) Lam. Apiacese 6.9+0.7 X 10° 1.2+0.3X 10
Daucus aureus Desf. 41+0.4X 10* 6.7+ 1.4 X 10*
Ridolphia segetum (L) Moris. 5.7+ 0.9 X 10* 8.8+1.6X 10*
Sellaria media (L) Vill. Caryophyllaceae 7.5+ 1.3 X 10* 9.6+ 1.7 X 10*
Slenegallica L 48-0.6X 10* 7.7-06X 10*
Beta vulgaris L Chenopodiacese 2.1+ 0.5X 10° 24+07X10°
Lavatera trimestris L Malvaceae 42+0.8X 10° 5.1%0.4X 10°
Malva nicaeensis All. 55+ 13X 10° 5.8+ 0.3X 10°
UrticaurensL Urticaceae 2.8+0.7 X 10* 35+0.6 X 10*
Urtica pilulifera L 58+ 1.2 X 10* 75+ 14X 10*
Phalaris paradoxa L Poaceze 6.2-0.7 X 10° 75+1.2X 10*
Phalaris brachystachys L 49+05X 10° 73+1.4X10°
Avena sterilisL 3.8+09X10° 47+0.6X 10°
Ramunculus arvensis L Ranuncul acese 6.3+1.4X 10° 9.1+0.7 X 10°
Lupinus hirsutus L Fabacese 4.4+04X 107 4.8+0.6 X 10’
Medicago ciliaris (L) Krock 21+0.7X 107 2.8-0.8X 107
Viciawulgare L 8.9+ 0.8 X 106 1.8+0.5X 107
Papaver rhoeas L Papaveraceae 48+0.6 X 10* 6.1+0.5X 10*
Perennials (winter weeds)
Gladiolus segetum Gawl Iridacese 6.8+ 0.7 X 10* 8.6+ 0.7 X 10*
Cynara syriaca Boiss. Compositae 48+1.2X10* 5.2+0.2 X 10*
Geranium tuberosum L Geraniacese 3.6+0.6 X 10* 6.8+ 0.8 X 10*
Polygonum equisetiforme Set S Polygonacese 43+0.6X 10* 7.7-105X 10*
Annuals (summer weeds)
Solanum villosum (L) Lam. Solanacese 2.8+0.6X 10° 4.7+05X 10°
Datura stramonium L 34+02X10° 5.3+ 0.7 X 10°
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CFU/g (d. wt) roots

Weed/crop plant Botanical family Cd $-245
Setaria verticillata (L) BP Poaceae 48+04X10° 6.2+07X10°
Amaranthus retroflexus L Amaranthaceae 6.7+08X 10° 6.9+06X 10°
Amaranthus graecizans L 51+06X10° 6.3+1.1X 10°
Chenopodium opulifolium Schrad. Chenopodiacese  3.7+0.2X 10* 5.7+0.7X 10

Perennial (summer weeds)®
Cynodon dectylon (L) Pers. Poaceae 53+0.4X10° 59+08X 10°
Sorghum halepense (L) Pets. 6.3+0.8X10° 71+12X10°
Convulvulus arvensis L Convulvulacese 55+06X 10 69+1.3X10*
Ecbalium elaterium (L) Rich. Cucurbitacese 68+1.2X 10" 9.7+14X 10
Prosopis forcata Eig Fabacese 32+05X10° 59+1.1X10°
Crop plants®

Whest Poacese 6.9+ 0.8 X 10* 46+0.7X 10" 32+06X10°
Pearl millet 42+05X 10° ND 6.7+1.2X 10°
Sorghum 56+ 05X 10° 96+04X10° 88+06X10°
Corn 2.1+05X 10’ 69+09X10° 28+0.2X 10’
Tomato Solanacese 3.6+0.6X 10° 21+08X10° 4.6+05x10°

Pepper 2.7+0.2X 10° 77+07X10° 3.1+08X 10°
Eggplant 34+1.1X10° ND 5.1+ 0.6 X 10°
Cucumber Cucurbitaceae 52+0.4X 10* ND 56+0.7 X 10*
Melon 3.4+05X 10* ND 4.2+09X 10*
Canola Brassicaceae 7.6+04X10° ND 11+0.2X 10*
Cotton Malvaceae 5.6+0.7 X 10° 46+03X10° 7.3%13X10°
Carrot Apiaceae 8.8+0.7 X 10° ND 1.8+0.4X 10*
Sugar beet Chenopodiacese 6.5+ 1.2 X 10° ND 7.2+0.6 X 10
Soybean Fabacese 42+0.2X 10’ 33+06X10° 53%0.6X 10’
Pea 6.8+ 0.6 X 10’ 48+12X10° 9.8+06X 10’
Bean 2.3+ 05X 10’ ND 44+0.7X 10

Plant's nomenclature according to Cohen [20] and Zohary [45].

4CFU, colony-forming units; d. wt, dry weight; ND, not determined.

PStrain Cd mot” was determined only for several crop plants.

¢Strain Cd mot*

5 X 5 X 1 cm [w/l/d]) by beads inoculant carrier as described later for field inoculation and were
maintained under saturated water-holding capacity by adding sterile deionized water throughout
the experiments.

In the field, seeds were hand-sown in a light-textured sandy soil (Haploxeralfs) (soil characteristics
are described below), 20 cm apart in plots of 2 X 2 m using a grid.  Inoculation was carried out
during sowing with dry aginate-bead inoculant [4]; six beads were manually placed with a home-
made applicator around each seed. Field experiments were treated under a commercia agrotechnical
regimen but without the application of herbicides [14]. Irrigation was applied periodically by above-
the-foliage sprinklers every 2-3 days to maintain moisture conditions at 100% of water-holding
capacity. In experiments designed to maintain saturated soil conditions, the irrigation was controlled by
a drip system using an irrigation computer programmed to naintain saturated soil conditions.
Experiments using soil columns were performed as previously described [11] using undisturbed soil
core samples [19] taken from the field and transferred into glass columns in the laboratory. The soil
columns were connected to awater reservoir, which permitted continuous percolation of water through-
out the columns.
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Table 2. Technical details of the experiments
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Plant species and
experimental setup

Environment

Sail type

Colonization of 64 plant

Pots in temperature-controlled

Artificia soil mixture

species greenhouse

Movement between wheat Trays with soil in controlled Sandy soil
plants growth chamber

Movement between whesat Trays with soil in controlled Sandy soil
plants and various weeds growth chamber

Movement between wheat Field conditions Sandy soil
plants and various weeds

Survival of bacteriain whest Field conditions Sandy soil
rhizosphere

Movement in soil without Soil columnsin controlled Three light-textured soils
plants growth chamber

Movement in soil without Field condition Sandy soil
plants

Root colonization studies were done with plants growing in 500 ml of commercial black plastic
pots containing 450 ml of artificial soil mixture consisting of peat/vermiculite/sand (1:1:1, v/v). Crop
plant seeds were disinfected as previously described [3, 5] before inoculation with bacterial suspension
[5], but weed seeds or reproductive organs were similarly inoculated without disinfection because of
alack of data on these propagules' response to the disinfectant. The plants were grown for 30-45 days
after inoculation in a temperature-controlled greenhouse (22 + 3°C for winter plants and 28 + 3°C for
summer plants). The root bacteria population was measured as described later.  All technical details
of each experiment are summarized in Table 2.

Soils

In most experiments, we used light-textured, sandy soil (Haploxeralfs) with a low water-holding
capacity of 8.6% (v/v), organic matter content of 1.3%, clay content of 4.3%, and pH of 8.1. The soil
was sterilized in large glass containers by tyndallization (three times, 1 h each time at 24-h intervals).
The plastic trays were disinfected with 10% commercial hypochlorite and later thoroughly rinsed with
sterile distilled water before loading with the sterile soil. Two additional light-texture soils, Gypsiorthids
and Torriorthents, were also used, having the following characteristics: () Gypsiorthids: water-holding
capacity of 14.4% (v/v), organic matter content of 0.4%, clay content of 20.1%, and pH of 7.4; (b)
Torriorthents: water-holding capacity of 10.1% (v/v), organic matter content of 0.4%, clay content of
12.3%, and pH of 8.0.

Quantification of Bacteria on Roots

Bacteria from plants growing in artificial soil were counted as follows: The entire plant was removed
from the pot, and al loose "soil mixture" particles were shaken out. The roots were rinsed in sterile
deionized water until no visible soil particles could be observed. Bacteria were identified and counted
by the indirect-ELISA method, which is highly specific for strain Cd and its derivative [30, 31], or
combined with the limited enrichment method [16] when the number of bacteria was lower than 10*
CFU per milliliter (the lower limit of our ELISA method). Innatural soils, A brasilense CFU were
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counted by conventional plate count on nutrient agar (Difco) after incubation of 48-72 h at 30 + 1°C,
using the typical colony morphology of strain Cd as a marker (dry ridges in dark pink colonies) [9].

Experimental Design and Statistical Analysis

All indoor experiments were done in triplicate (one tray or soil column as a replicate), and each was
repeated two to three times. Field experiments were carried out in 4 m? plotsin which only the center
(1 X 1 m) was analyzed, leaving | m as a buffer zone around each analyzed plot. Each experiment was
conducted in five plots. The number of bacteria per root was obtained from all plots (triplicate
sampling per plot), pots and trays, and analyzed by one-way analysis of variance (ANOVA) atP £..05.

Results

Azospirillum braslense Strains Cd and Sp-245: Root Colonization of Weeds and
Crop Plants From the Same Botanical Families

Root colonization by two strains of A. brasilense (Cd and Sp-245) on greenhouse
seedlings of 64 plant species belonging to 19 different botanical families reveded
that the bacteria were capable of colonizing al plant species of its "common®
population level (Table 1, and compare to data in [13]). Different levels of coloniza-
tion were detected among the botanical families, the highest being for Malvacese,
Fabaceae and Solanaceae, and the lowest for Brassicaceae and Apiaceae. However,
both strains were capable of colonizing weeds and crop plants belonging to the same
botanical family and at smilar population levels. In generd, strain Sp-245 was a
dightly better colonizer than strain Cd 45 days after inoculation (Table 1).
Inoculation of several crop plants with the nonmotile strain (Cd mot) resulted in
root colonization similar to the parenta strain (Cd).

Movement of A. brasilense Mot™ and A. brasilense Mot From Inocul ated
Wheat Roots to Noninoculated Wheat Roots

In soil trays, A. brasilense mot™ migrated from inoculated roots to the noninoculated
roots of the adjacent plants, within 32 days after inoculation. The colonization level
of the adjacent, noninoculated roots was similar to that of the originad inoculated
root but decreased as the distance from the inoculated plants increased (Table 3).

Although the water-holding capacity was similar in the trays with both mot”
and mot” dtrains of A. brasilense, a different pattern was detected in the mot
strain. The inoculated plants were colonized; however, bacteria did not move from
the inoculated roots to the adjacent, noninoculated roots (Table 3).

Survival of A. brasilenseMot" and A. brasilenseMot in Wheat Plants
inthe Field

Both bacteria strains survived well in the rhizosphere of the inoculated wheat
plants for a period of 30 days. The population first decreased, then increased
dightly (Fig. 1). In the case of the motile wild-type strain, all the adjacent plants
became colonized. However, in experiments using the nonmotile mutant, al adja-
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Table 3. Movement of A. brasilense mot™ and A. brasilense mot™ from inoculated roots to noninocu-
lated rootsin the soil 32 days after inoculation

No. of A brasilenselg

Becterid drain Plant location (fresh wit. roots)
Mot* Inoculated plant 52+1.4X10°&
Adjacent plant (5 cm) 44+13X10°a
Plants growing 30 cm from inoculated plants 27+09X 10*b
Plants growing 50 cm from inocul ated plants 6.3+0.7X 10°c
Mot Inoculated plant 37+11X10*b
Adjacent plant (5 cm) 0
Plants 30 cm from inoculated plants 0
Plants 50 cm from inoculated plants 0

aDifferent lettersindicate significant difference at P £ 0.05 by ANOVA
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cent plants, except one, remained uncolonized even if the soil was periodicdly
saturated by irrigation (data not shown).

Movement of A. brasilense Mot™ and A. brasilense Mot From Inocul ated
Wheat Plants to Adjacent Weeds in the Field

Because the experimental whest field was not treated with herbicides, many weeds
emerged randomly and grew beside the inoculated whesat plants. Analysis of each
weed plant revealed that al the weed roots were colonized by A. brasilense mot”
but not by A. brasilense mot (Fig. 2). The colonization level of the roots of five
different weed species was similar to that of wheat roots (Table 4).
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Fig. 2. Movement of A. brasilense mot™ and A. brasilense mot™ from inoculated wheat plants to
weeds in the field. Solid symbols represent colonized plants, and open symbols represent uncolonized
plants. Phalaris paradoxa + Phalaris brachystachys (mixed populations) (A); Malva aegyptia (H);

Notobasis syriaca + Slybum marianum (mixed populations) (#); wheat (@).

Table 4. Movement of A. brasilense mot* and A. brasilense mot™ from inocul ated wheat plants to

weedsin the field

No. of A. brasilenselg

Bacterial (fresh wt. roots) in
strain Weed species noninocul ated weeds
Mot™ Phalaris paradoxa plus
Phalaris brachystachys? 42+19X10°
Malva aegyptia 27+16X10°a
Notobasis syriaca plus
Slybum marianun? 41+04X 10°a
Whesat 38+1.2X10°a
Mot" Phalaris paradoxa®

Phalaris brachystachys?
Malva aegyptia
Notobasis syriaca”
Slybum marianun?
Wheat

0
0

0
6.8+ 0.8 X 10*

& Mixed plant population (seedlings of the two species are morphologically similar at this stage

of growth).

PThe same letter indicates no significant difference at P £ .05 by one-way analysis of variance.

Movement of A. brasilense Mot™ Among Weed Species

A. brasilense mot” moved from inocul ated weeds to noninoculated weeds growing
in soil trays regardless of their botanical species or whether they were annuas or

perennials (Table 5). The colonization level of therecipient plants depended on
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Table 5. Movement of A. brasilense mot®™ between weed species of different botanical families,
annuals, and perennials growing in soil trays

No. of A. brasilenseg
(fresh wt. root) in

Donor plant Recipient plant recipient plant
Chrisanthemum coronarium (A) Brassica nigra (A) 6.4+ 0.6X 10°
Chrisanthemum coronarium (A) Beta vulgaris (A) 34+08X10°
Avena sterilis (A) Chrisanthemum coronarium (A) 1.2+04X 10°
Lupimus hirsutus (A) Avena sterilis (A) 54+ 11X 10°
Avena sterilis (A) Geranium tuberosum (P) 48+09X 10*
Geranium tuberosum (P) Avena sterilis (A) 41+0.7X10°
Cynodon dectylon (P) Amaranthus retroflexus (A) 3.6+0.3X10°
Amaranthus retroflexus (A) Cynodon dectylon (P) 84+09X10°
Cynodon dectylon (P) Daucus aureus (A) 94+1.2X10°
Daucus aureus (A) Cynodon dectylon (P) 6.3+ 0.6 X 10°

@A, annual; P, perennial.
Means + SE (n = 6).

the botanica family; some botanical families appeared to be more favorable hosts
(seethisdsoin Table 1).

Movement of A. brasilense Mot™ and A. brasilenseMot in Water-Saturated Soil
in the Absence of Plants

Water-saturated soil columns of three different soils were inoculated with the mot”
and mot” drains. Both strains remained in the upper layer of the column and did
not migrate downward with the percolating water (Fig. 3A). No difference between
the three soil types or the two bacterial species was recorded (data not shown). In
the water-saturated soil of the field, the bacteria released from the bead inoculant
were detected just below the soil crust (1-5 mm depth) (Fig. 3B).

Discussion

Root colonization by beneficid bacteria (active or passive attachment to the root
surface of inoculated bacteria) may be fundamental to increased plant productivity
[13, 35]. Azospirillum spp. are known to be efficient colonizers in diverse environ-
ments. This well-studied plant growth-promoting rhizobacterium (PGPR) has the
potential to increase the yield of many crop plants by directly affecting plant
growth through yet-to-be-revealed mechanisms [13].

The pioneer inoculants of Azospirillum are currently in the commercial market
despite inconsistent evidence of their effectiveness [34]. For application purposes,
Azospirillum cells are commonly incorporated into various types of inoculant
carriers, which, because of their agrotechnical nature, are unable to ensure that the
bacteria will encounter the emerging root (14,24). Thus, bacterial movement from
the inoculation Site to the root Site is essentia if root colonization is to occur. This
movement, from a few micrometers to several centimeters, must occur in an
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Fig. 3. Map of downward movement of A. brasilense” in water-saturated sandy soil in an
undisturbed soil column (A) and in the field (B) in the absence of plants. Bacterial location with
percolating water (£ ); bacteria location without percolating water (ll). Minus symbol inthe Y axis
symbolizes depth below soil surface.

environment of fierce competition with other soil flora, which are aso seeking
nutrients and root colonization sStes on the growing seedlings [3]. Thus, sdf-
motility of PGPR can be considered an important trait for rhizobacteria [33].

Passive dispersion by percolating water, especidly in semi-arid conditions that
lack sufficient water ‘where Azospirillum showed its best performance (39)], cannot
explain how Azospirillum colonizes the entire root system. Therefore, it is plausible
that bacteriad motility is responsible for this disperson. A previous study indicated
that A. brasilense can move from wheat to soybean and vice versain soft agar and
in water-saturated sand [7]. Here, we extended our study to the movement of
Azospirillum in the soil to emphasize the importance of moatility in root colonization
both in crop and weed plants.

This study revealed that A. brasilense matility in soil is essentid to colonization
of the root system. Although the nonmotile mutants proliferated on the inoculated
roots smilarly to the wild type, they faled to colonize neighboring roots, even
though water for passive transport was available. Under our tray experimental
conditions, the rhizospheres were amost certainly confluent, because roots of
adjacent plants created a uniform root mass indistinguishable from one plant to
the other. This facilitated the movement of beneficial bacteria between adjacent
plants. Therefore, we assume that the "soil-free" distances in which A. brasilense
moved in our study might be measured in millimeters rather than centimeters,
athough the bacterium can migrate about 30 cm in "root-free" soil [7, 10]. Our
results with A. brasilense give support to studies that show that nonmotile mutants
of beneficia biocontrol pseudomonads were impaired in their ability to move
toward seeds[40] or colonize roots [23] when compared to their wild-type par-
ent strains.
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Moatility of wild-type strains in the rhizosphere appears to increase the surviva
probabilities of Azospirillum. Azospirillum is totally dependent on the presence of
roots to survive because it survives poorly in some soil types [11] and does not
move downward in the plantless field with percolating water [10]. The soil surface
is a dangerous location for bacteria as it dries. However, when the bacteria cells
have the ability to colonize different plant species, as demondrated here, the
bacterium can migrate to neighboring plants if the origina host plant dies.

A broad range of hosts is an obvious advantage for any given beneficia bacterium,
eliminating the need for developing many specific crop-bacteriad combinations,
which are confusing to growers, especialy those inless developed countries.
The full host range of Azospirillum has not previoudy been defined. Claims of
Azospirillum specificity for certain cereals species are documented [for review see
13]. The evidence presented here, however, shows otherwise. Under controlled
conditions, the bacteria colonized the root systems of 64 plant species belonging
to 19 different botanical families. It had no preference for crop plants or weeds,
or for annuals or perennials. This list supported previous studies showing Azospiril-
lumis ability to colonize both wild and crop plants worldwide [13, 32, 36]. It seems
that Azospirillumisa generd root colonizer. Thisfact, as satisfactory as it might
be for the inoculation industry, raises some points of caution. In the inoculated
field, the growth of the loca weeds dso might be enhanced [13]. Furthermore,
most studies on the host range of Azospirillum have been conducted on a limited
scale (greenhouse, axenic conditions, and/or controlled conditions etc.); therefore,
these findings should be verified under field conditions before any definite conclu-
sions are drawn.

It is proposed (a) that A. brasilense is not a plant-specific bacterium; (b) that
becterial motility within the plant root system and between neighboring plants is
the mechanism responsible for bacterid dispersion, which leads to the colonization
of the entire root system and adjacent plants, and (c) that A. brasilense dispersion
in soil depends on the presence of plants.

Acknowledgments. This study is dedicated to the memory of the late Mr. Avner Bashan from Israel
and was partialy supported by Consejo Nacional de Cienciay Tecnologia (CONACyYT), Mexico. We
thank Dr. Roy Bowers for clarifying the Engdlish, Mr. Oscar Armendariz-Ruiz for artwork, and Drs.
J. Dobereiner, EMBRAPA, Brazil, and M. Singh, GBF, Germany, for donating A. brasilense $-245
and 29710-10b, respectively.

References

1. Baldani VLD, Alvarez de B MA, Baldani JL, Ddbereiner J (1986) Establishment of inoculated
Azospirillum spp. In the rhizosphere and in roots of field grown wheat and sorghum. Plant
Soil 90:35-46

2. Barak R, Nur I, Okon Y, Henis'Y (1982) Aerotactic response of Azospirillum brasilense. J Bacteriol
152:643-649

3. Bashan Y (1986) Enhancement of wheat roots colonization and plant development by Azospirillum
brasilense Cd. following temporary depression of the rhizosphere microflora. Appl Environ
Microbiol 51:1067-1071

4. Bashan Y (1986) Alginate beads as synthetic inoculant carriers for the slow release of bacteria
that affect plant growth. Appl Environ Microbiol 51:1089-1098



280

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Y. Bashan, G. Holguin

. Bashan Y (1986) Significance of timing and level of inoculation with rhizosphere bacteria on

wheat plants. Soil Biol Biochem 18:297-301

. Bashan Y, Harrison SK, Whitmoyer RE (1990) Enhanced growth of wheat and soybean plants

inoculated with Azospirillum brasilense is not necessarily due to genera enhancement of mineral
uptake. Appl Environ Microbiol 56:769-775

. Bashan Y, Holguin G (1994) Root-to-root travel of the beneficial bacterium Azospirillum brasilense

Appl Environ Microbiol 60: 2120-2131

. Bashan Y, Holguin G, Lifshitz R (1993) Isolation and characterization of Plant Growth-Promoting

Rhizobacteria. In: Glick BR, Thompson JE, (eds) Methods in plant molecular biology and biotech-
nology. CRC Press, Boca Raton, Florida, pp 331-345

. Bashan Y, Levanony H (1985) An improved selection technique and medium for the isolation and

enumeration of Azospirillum brasilense Can JMicrobiol 31:947-952

Bashan Y, Levanony H (1987) Horizontal and vertical movement of Azospirillum brasilense Cd in
the soil and aong the rhizosphere of wheat and weeds in controlled and field environments. J Gen
Microbiol 133:3473-3480

Bashan Y, Levanony H (1988) Adsorption of the rhizosphere bacterium Azospirillum brasilense Cd
to soil, sand and peat particles. J Gen Microbiol 134:1811-1820

Bashan Y, Levanony H (1989) Wheat root tips as a vector for passive vertical transfer of
Azospirillum brasilense Cd. J Gen Microbiol 135:2899-2908

Bashan Y, Levanony H (1990) Current status of Azospirillum as a challenge for agriculture. Can J
Microbiol 36:591-608

Bashan Y Levanony H, Ziv-Vecht O (1987) The fate of field-inoculated Azospirillum brasilense Cd
in wheat rhizosphere during the growing season. Can J Microbiol 33:1074-1079

Bashan Y, Mitiku G, Whitmoyer RE, Levanony H (1991) Evidence that fibrillar anchoring is
essential for Azospirillum brasilense Cd attachment to sand. Plant Soil 132:73-83

Bashan Y, Mitiku G, Ziv-Vecht O, Levanony H (1991) Estimation of minima numbers of
Azospirillum brasilense using time-limited liquid enrichment combined with enzyme-linked
immunosorbent assay. Soil Biol Biochem 23:135-138

Bashan Y, Ream Y, Levanony H, Sade A (1989) Nonspecific responses in plant growth, yield, and
root colonization of noncereal crop plants to inoculation with Azospirillum brasilense Cd. Can J Bot
67:1317-1324

Bashan Y, Singh M, Levanony H (1989) Contribution of Azospirillum brasilense Cd to growth of
tomato seedlings is not through nitrogen fixation. Can J Bot 67:2429-2434

Bashan Y, Wolowelsky J (1987) Soil samplers for quantifying microorganisms. Soil Sci
143:132-138

Cohen G (1966) Chemical control handbook. Sifriath Hassadeh Publishers, Tel Aviv, Isragl (in
Hebrew)

Crossman SM, Hill WA (1987) Inoculation of sweet potato with Azospirillum. HortScience
22:420-422

Del Gallo M, Fendrik |, Hofmann N, Neyra CA, Waschitza S (1991) First steps of interaction
between Azospirillum spp. and wheat and rice seedling roots. In: Keel C, Koller B, Défago G (eds)
Plant growth-promoting rhizobacteria progress and prospects. IOBC/WPRS Bulletin, Zurich,
Switzerland, pp 355-358

De Weger LA, van der Viugt CIM, Wijfjes AHM, Bakker PAHM, Schippers B, Lugtenberg B
(1987) Flagella of a plant-growth-stimulating Pseudomonas fluorescens strain are required for
colonization of potato roots. J Bacteriol 169:2769-2773

Fages J (1992) An industrial review of Azospirillum inoculants: formulation and application
technology. Symbiosis 13:15-26

Gamo T (1991) Azospirillum spp. from crop roots: a promoter of plant growth. Jon Agri Res Q
24:253-259

Gamo T, Ahn SB (1991) Growth-promoting Azospirillum spp. isolated from the roots of several
non-gramineous crops in Japan. Soil Sci Plant Nut 37:455-461

Grishanin RN, Chalmina Il, Zhulin 1B (1991) Behavior of Azospirillum brasilensein a spatial
gradient of oxygen and in a "redox" gradient of an artificial electron aceptor. J Gen Microbiol
137:2781-2785



Inter-root Movement and Colonization of Seedlings 281

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Hadas R, Okon Y (1987) effect of Azospirillum brasilense inoculation on root morphology and
respiration in tomato seedlings. Biol Fertil Soils 5:241-247

Hall PG, Krieg NR (1983) Swarming of Azospirillum brasilense on solid media. Can J Micro-biol
29:1592-1594

Levanony H, Bashan Y (1991) Enumeration and identification of rhizosphere bacteria by advanced
immuno techniques. In: Keedl C, Koller B, Défago G (eds) Plant growth-promoting rhizobacteria
progress and prospects. IOBC/WPRS Bulletin, Zurich, Switzerland, pp 231-237

Levanony H, Bashan Y, Kahana ZE (1987) Enzyme-linked immunosorbent assay for specific
identification and enumeration of Azospirillum brasilense Cd. in cerea roots. Appl Environ
Microbiol 53:358-364

Mascarua-Esparza MA, VillaGonzalez R, Caballero-Mellado J (1988) Acetylene reduction and
indoleacetic acid production by Azospirillumisolates from Cactaceous plants. Plant Soil 106:91-95
Misaghi 1J, Olsen MW Billotte JM, Sonoda RM (1992) The importance of rhizobacterial mobility in
biocontrol of bacterial wilt of tomato. Soil Biol Biochem 24:287-293

Okon Y, Labandera-Gonzalez CA (1994) Agronomic application of Azospirillum. In: Ryder MH,
Stephens PM, Bowen GD (eds) Improving plant productivity with rhizosphere bacteria. CSIRO
Division of Soils, Adelaide, Australia, pp 274-278

Parke JL (1991) Root colonization by indigenous and introduced microorganisms. In: Keister DL,
Cregan PB (eds) The rhizosphere and plant growth. Kluwer Academic Publishers, Dordrecht,
The Netherlands, pp 33-42

Puente ME, Bashan Y (1993) Effect of inoculation with Azospirillum brasilense strains on the
germination and seedling growth of the giant columnar Cardon cactus (Pachycereus pringlei).
Symbiosis 15:49-60

Rao PSK, Arunachdam V Tilak KVBR (1990) Genotype-dependent response to Azospirillum
treatment in yield and nitrogenase activity in Brassicajuncea L. Curr Sci 59:607-609

Reinhold B, Hurek T, Fendrik | (1985) Strain-specific chemotaxis of Azospirillumspp. JBacte
riol 162:190-195

Sarig S, Kapulnik Y, Nur I, Okon Y (1984) Response of non-irrigated Sorghum bicolor to
Azospirilluminoculation. Exp Agri 20:59-66

Scher FM, Kloepper JW, Singleton CA (1985) Chemotaxis of fluorescent Pseudomonas spp. to
soybean seed exudates in vitro and in soil. Can JMicrobiol 31:570-574

Vande Broek A, Michiels J, Van Gool A, Vanderleyden J (1993) Spatial-tempora colonization
patterns of Azospirillum brasilense on wheat root surface and expression of the bacteria nifH gene
during association. Mol Plant-Microbe Int 6:592-600

Zaady E, Perevolotsky A, Okon Y (1993) Promotion of plant growth by inoculation with aggregated
and single cell suspension of Azospirillum brasilense Cd. Soil Biol Biochem 25:819-823

Zhulin 1B, Armitage JP (1992) The role of taxis in the ecology of Azospirillum. Symbiosis
13:199-206

Zhulin 1B, Armitage JP (1993) Motility, chemokinesis, and methylation-independent chemotaxis
in Azospirillum. J Bacteriol 175:952-958

Zohary M (1989) A new analytical floraof Israel. Am Oved Publishers, Tel Aviv, Isradl, (in Hebrew)



